It is generally recognized that rRNA plays a fundamental role in translation and associated ribosomal proteins help it by modulating the conformation and dynamics of rRNA (reviewed in Ref. 1). Detailed knowledge of rRNA-protein interaction is, therefore, important to understand the mechanism of action of rRNA, particularly of the conserved functional regions. The sarcin/ricin loop comprising residues 2653-2667 in domain VI of Escherichia coli 23 S rRNA is one of the most notable regions, since this includes an important site of interaction of elongation factors EF-G 1 and EF-Tu with the ribosome (2-4) and also the site of action for ribotoxins, ␣-sarcin and ricin (5, 6). It is not clear whether a certain ribosomal protein interacts with this region and affects the conformation in the ribosome, although a model of the three-dimensional structure of this loop region has been built up on the basis of NMR data (7, 8).
It is generally recognized that rRNA plays a fundamental role in translation and associated ribosomal proteins help it by modulating the conformation and dynamics of rRNA (reviewed in Ref. 1) . Detailed knowledge of rRNA-protein interaction is, therefore, important to understand the mechanism of action of rRNA, particularly of the conserved functional regions. The sarcin/ricin loop comprising residues 2653-2667 in domain VI of Escherichia coli 23 S rRNA is one of the most notable regions, since this includes an important site of interaction of elongation factors EF-G 1 and EF-Tu with the ribosome (2-4) and also the site of action for ribotoxins, ␣-sarcin and ricin (5, 6) . It is not clear whether a certain ribosomal protein interacts with this region and affects the conformation in the ribosome, although a model of the three-dimensional structure of this loop region has been built up on the basis of NMR data (7, 8) .
There is evidence suggesting that assembly of ribosomal proteins to 23 S rRNA changes a feature of the sarcin/ricin loop region; (a) many sites at or near the loop region in the naked rRNA are much more reactive with a variety of chemicals and ribonucleases than those in the 50 S subunit (9) , and (b) this loop region is accessible to ricin in the naked 23 S rRNA, but not in the intact E. coli ribosome (6) . Leffer et al. (9) identified proteins L3 and L6 that bound to domain VI comprising residues 2629 to the 3Ј end of 23 S rRNA. By a footprinting approach, they localized the major binding site for L3 on the 2630 -2644/2771-2788 stem, a root of the large RNA domain including the sarcin/ricin loop region, but failed to determine the L6 binding site (9) . Although the binding affinity of L6 to rRNA is low (9, 10) , this ability is supported by recent crystallographic data on this protein that show a domain structure homologous with a large family of RNA binding proteins (11) .
Protein L6 is interesting with respect to the location and function in the ribosome. Data on immunoelectron microscopy and protein-protein cross-linking indicate that L6 is located in a position close to the base of L7/L12 stalk and to proteins L10 and L11 (12) (13) (14) , and this area is mapped out as the binding sites for EF-G (15, 16) and EF-Tu (17, 18) in the ribosome. In fact, L6 cross-links to EF-G (19) . These lines of evidence suggest that L6 is one of the members constructing the factor binding site in the ribosome. We here investigate the interaction of the RNA domain containing the sarcin/ricin loop region of 23 S rRNA (termed here the sarcin/ricin domain) with ribosomal proteins by gel retardation and footprinting, and demonstrate that L6 directly binds to a site within residues 2640 -2774 of 23 S rRNA. By footprinting, we also show that L6, together with L3, protects 4 bases in the sarcin/ricin loop against chemical modification. Our data provide valuable information about features of the sarcin/ricin domain in the ribosome.
MATERIALS AND METHODS
Plasmid Construction and in Vitro RNA Synthesis-The DNA fragments comprising residues 2630 -2788 (Tox-1), and residues 2640 -2774 (Tox-2) (see Fig. 4 ) were amplified using the polymerase chain reaction (20) , and inserted into HindIII and XbaI sites of an expression vector, pSPT18 (Boehringer Mannheim). Base substitutions of A-2757 with G and C in Tox-2 were performed by oligonucleotide-directed mutagenesis in polymerase chain reaction (21) using primers containing the individual mutations. DNA sequences of the obtained constructs were verified by dideoxy sequencing (22) . The plasmid construction for the RNA fragment containing residues 1029 -1127 (corresponds to the GTPase domain) of 23 S rRNA was as described previously (23) . The RNA fragments were synthesized in a solution (200 l) containing 1,000 units of SP-6 RNA polymerase, 4 g of template DNA linearized at the XbaI site, 40 mM Tris-HCl, pH 8.0, 14 mM MgCl 2 , 10 mM NaCl, 5 mM dithiothreitol, 1 mM spermidine, 10 g of bovine serum albumin, 2 mM each of ATP, GTP, and CTP, and 0.5 mM UTP (supplemented with 50 Ci of [␣-32 P]UTP). The transcripts were purified by gel filtration on a Sephadex G-50 column (Amersham Pharmacia Biotech).
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proteins (TP50) extracted from the subunits (25) were fractionated by a stepwise elution from CM-cellulose (Whatman) column equilibrated with a buffer (7 M urea, 5 mM 2-mercaptoethanol, and 20 mM sodium acetate, pH 4.6) using increasing concentrations of LiCl (M), 0.04, 0.075, 0.1, 0.15, 0.2, 0.25, and 0.3. A part of each fraction was dialyzed against the renaturation buffer consisting of 0.35 M KCl, 5 mM 2-mercaptoethanol, and 20 mM Tris-HCl, pH 7.5, and tested for binding to Tox-1 by gel retardation, as described below. Protein fractions containing the binding activity were further purified by high performance ion-exchange chromatography; the protein fractions were applied to a CM-5PW column (Tosoh) equilibrated with a buffer consisting of 6 M urea, 20 mM sodium phosphate, pH 6.5, 80 mM LiCl, and 5 mM 2-mercaptoethanol, and eluted with a linear gradient of 80 -280 mM LiCl. The isolated proteins were concentrated with Centricon-10 (Amicon), dialyzed against the renaturation buffer, and tested for the binding to Tox-1. Identification of the isolated proteins were performed by two-dimensional polyacrylamide gel electrophoresis (24) and amino acid sequencing of the N termini (Applied Biosystems). Gel Retardation Assays-A solution (5 l) containing 5 pmol of the [ 32 P]RNA fragments, 20 mM MgCl 2 , 0.35 M KCl, 30 mM Tris-HCl, pH 7.5, was preincubated at 40°C for 20 min. After addition of 5 l of 30 mM Tris-HCl, pH 7.5, and a protein sample as indicated in the figure legends, the mixture was incubated further at 30°C for 10 min. RNAprotein binding was examined by electrophoresis in 6% polyacrylamide gel (acrylamide/bisacrylamide ratio of 40:1) at 6.5 V/cm, with buffer recirculation at 4°C. The two buffer systems were used in gel analyses; system 1 contained 5 mM MgCl 2 , 50 mM KCl, and 50 mM Tris-HCl, pH 7.6, and system 2 contained 4 mM MgCl 2 , and 20 mM Tris-boric acid, pH 7.6.
Filter Binding Assays-Radiolabeled RNA fragments (5 pmol for L6 binding and 1 pmol for L3 binding) were preincubated at 40°C for 20 min in 50 l of 350 mM KCl, 20 mM MgCl 2 , 30 mM Tris-HCl, pH 7.5. By mixing with 30 mM Tris-HCl, pH 7.5, and a protein sample, the solution was adjusted to 100 l. The mixture was incubated for another 10 min at 30°C, and then placed on ice for 10 min. The reaction mixture was filtered through a nitrocellulose membrane (Millipore, type HA, 0.45-m pore size, 25-mm diameter) as described by Draper et al. (26) . The filter was counted for 32 P using a Beckman LS6000IC Analyzer. A background determined by filtration in the absence of proteins was subtracted from each assay. The data were fitted by nonlinear leastsquares analysis with a hyperbolic binding function using Prism 2 (Graphpad Software, San Diego, CA), and the K d values were derived from three experiments.
DMS Footprinting-The 23 S rRNA were prepared from the isolated 50 S subunits by phenol extraction and sucrose gradient centrifugation. The 23 S rRNA (20 pmol) was preincubated at 40°C for 10 min in 25 l of solution containing 20 mM MgCl 2 , 350 mM KCl, 50 mM potassium cacodylate, pH 7.2. After adding protein samples, 50 pmol of L3, 100 pmol of L6, or both the proteins, and 50 mM potassium cacodylate, pH 7.2, the solution (50 l) was incubated at 30°C for 10 min. Chemical modification was started by addition of DMS (1 l; 1:4 dilution in ethanol), followed by incubation at 30°C for 15 min. The modified RNA samples were recovered and used as templates of primer extension, as described by Moazed and Noller (27) . The used primers were 5Ј-GGAGAACTCATCTCGGGG-3Ј and 5Ј-GTCGTCGTCTTCAACGTT-3Ј complementary to residues 2771-2788 and 2813-2830 of 23 S rRNA, respectively.
RESULTS
Synthetic RNA fragments that mimic the local structure of rRNA have been widely employed to investigate RNA-protein interactions (4, 9, 23, 28, 29) . In the present study, we synthesized two RNA fragments covering the sarcin/ricin domain of E. coli 23 S rRNA to investigate the interaction of the RNA region with 50 S ribosomal proteins: Tox-1 comprising residues 1630 -1788 and Tox-2 comprising residues 2640 -2774 (see Fig. 4 ). Protein binding to the RNA fragments was assayed by gel retardation for each protein fraction separated with CM-cellulose column and for high performance liquid chromatographypurified proteins (see "Materials and Methods"). Two proteins showed ability to interact with Tox-1. They were identified as L3 and L6 by two-dimensional polyacrylamide gel electrophoresis and amino acid sequencing of the N termini (data not shown). Fig. 1B) did not detect the stable L6-RNA complex, but another gel system excluding KCl (system 2, Fig. 1C) showed the L6-RNA complex as a clear band with Tox-1 (lanes 3 and 4) , and Tox-2 (lanes 7 and 8) depending on concentrations of added L6. No complex was detected between L6 and the GTPase domain even in system 2 (see lanes 10 -12) .
Binding affinities of L3 and L6 for the RNAs were examined by filter binding assay (Fig. 2) . The RNA fragments Tox-1, Tox-2, and GTPase domain were titrated with proteins L3 ( Fig.   2A ) and L6 (Fig. 2B) . L3 bound to Tox-1 with a high affinity (K d : 0.069 Ϯ 0.025 M), whereas L6 bound to Tox-1 and Tox-2 with lower affinities (K d : 0.31 Ϯ 0.10 M and 0.18 Ϯ 0.06 M, respectively). There was no appreciable binding either of L3 to Tox-2 or the GTPase domain or of L6 to the GTPase domain. These binding data suggest that the primary binding site for L6 lies within Tox-2 and that for L3 in the 2630 -2639/2775-2788 region, which remains in Tox-1 and is deleted in Tox-2.
Binding sites for L3 and L6 in 23 S rRNA were further analyzed by DMS-footprinting. Sites of the chemical modification (at N-1 of adenine and N-3 of cytosine) in the presence or absence of proteins were localized by primer-extension, followed by gel electrophoresis (Fig. 3) (Fig. 4) . Binding of L6 caused marked protection at A-2757 and enhancement at C-2752 (Fig. 3, lane 3) within the conserved loop region of residues 2747-2757 (Fig. 4) . L6 also enhanced C-2699 weakly, but obviously. No effect was observed in the sarcin/ricin loop comprising residues 2653-2667 by the individual bindings. However, additions of L3 and L6 together newly caused strong protection of 4 bases in this loop region, A-2657, A-2662, C-2666, and C-2667, in addition to A-2740, A-2741, A-2748, A-2753, A-2764, A-2765, and A-2766 in the stem-loop of residues 2735-2769 (Figs. 3, lane 4, and 4) . We infer that these effects given by the combination of L3 and L6 reflect a cooperative interaction of the two proteins with the RNA.
Despite the physical binding of L6 to Tox-2 ( Figs. 1 and 2 ), our DMS-footprinting data showed protection of only A-2757 in this region (Fig. 3) . To clarify whether A-2757 is involved in L6 binding, we performed a site-directed mutagenesis. Effect of base substitutions of A-2757 with G and C on L6 binding to Tox-2 was tested by gel retardation in system 2. As shown in Fig. 5 , the binding was disrupted by either A to C transversion (lane 4) or A to G transition (lane 6). These results combined with the footprinting data suggest that A-2757 plays a direct role in L6 binding to the RNA.
DISCUSSION
Interaction of the Sarcin/Ricin RNA Domain with Ribosomal Proteins-Little has been known about ribosomal proteins assembled to an RNA domain including the conserved sarcin/ ricin loop region. The present study demonstrates that protein L6 directly binds to a limited region within residues 2640 -2774 (Tox-2). The marked effects of L6 binding on DMS modification is localized in the conserved loop of residues 2747-2757: protection of A-2757 and enhancement of C-2752 (Fig. 4) . In addition, replacement of this protected base A-2757 with G or C causes disruption of L6 binding (Fig. 5) . The results suggest that L6 recognizes a local structure including A-2757 within Tox-2 as a primary binding site. The present results are in line with previous data on RNA binding ability of L6 to the 3Ј half (10) and to domain VI of 23 S rRNA (9) , and also consistent with cross-linking between a mammalian homologue (L9) of E. coli L6 and ricin A chain, which attacks the sarcin/ricin loop (30) . On the other hand, L6 is cross-linked to a region of residues 2473-2481 of domain V of 23 S rRNA with 2-iminothiolane (31), although direct binding of L6 to an RNA fragment for domain V was not detected (9) . It is presumed that the 2473-2481 region of domain V lies in the close proximity to, if not directly interacts with, L6 in the ribosome.
Another protein, L3, strongly binds to Tox-1, but not to Tox-2, suggesting that the region of residues 2630 -2639/2775-2788 lacking in Tox-2 is the major binding site for L3. This is consistent with previous footprinting data by Leffers et al. (9) . In our footprinting study, L3 protects not only 3 bases in the 2630 -2639/2775-2788 region, but also 5 bases in Tox-2 region (Fig. 4) . Therefore, together with the 2630 -2639/2775-2788 region, some parts within Tox-2 may constitute L3 binding site.
Interestingly, our footprinting data also reveal additional protections at the sarcin/ricin loop by the combination of L3 and L6; bases A-2657, A-2662, C-2666, and C-2667 in the sarcin/ricin loop in addition to 7 bases in another stem-loop of residues 2735-2769 are protected by binding of L3 and L6 together (Fig. 4) . All of these positions are not reactive with DMS within the 50 S subunit (data not shown), suggesting that the present data reflect the structural feature of the sarcin/ ricin domain in the intact ribosome. It is not clear, however, at present whether these additional protections are caused by contact with protein(s) or conformational change of the RNA induced by the two proteins. L3 is known as one of the important proteins bound earliest during the subunit assembly (32) and expected to induce a conformational change of 23 S rRNA, which leads to the next step of the 50 S subunit assembly. Therefore, it is most likely that L3 binding affects a conformation of the Tox-2 region, although there is no detectable effect of L3 alone on the DMS modification at the sarcin/ricin loop. From these considerations, we deduce a tentative model of the RNA folding: the 2630 -2644/2771-2788 stem and the 2675-2732 stem fold close together in one side by the strong L3 1 and 2) , the A-27573 C variant (lanes 3 and 4) , and the A-27573 G variant (lanes 5 and 6) were incubated without (lanes 1, 3, and 5) or with 20 pmol of L6 (lanes 2, 4, and 6). The samples were then analyzed by gel retardation in system 2, as shown in Fig. 1C. binding, and in the other side, the sarcin/ricin loop region and the 2735-2769 stem-loop region become closer as much as L6 interacts with both regions and protects them. Further extensive investigations are required to elucidate the mechanism of this cooperative interaction of L3 and L6 with the RNA.
Position of the Sarcin/Ricin RNA Domain in the RibosomeThe position of L6 near the base of the L7/L12 stalk in the 50 S ribosomal subunit has been established from immunoelectron microscopy (12, 13) and protein-protein cross-linking studies (14) . In addition, this area underneath the L7/L12 stalk has been observed as the binding site for EF-G (15, 16) and EF-Tu (17, 18) . The present results demonstrate that the sarcin/ricin RNA domain (Tox-2) of residues 2640 -2774 in 23 S rRNA interacts directly with L6, implying that this RNA domain is situated in the vicinity of L6 at the factor binding site for EF-G and EF-Tu in the ribosome. This is consistent with the facts that EF-G is cross-linked to L6 (19) and that both of EF-G and EF-Tu protects the sarcin/ricin loop from chemical modification (3) .
Besides the sarcin/ricin domain, another conserved RNA domain termed the GTPase domain (or thiostrepton binding site) in domain II of 23 S rRNA (33) (34) (35) (36) is known to interact with EF-G (3, 4). These two RNA domains appear to collaborate in EF-G-dependent process of translation, although the two domains are distant in the primary and secondary structure of 23 S rRNA. It is of interest to see the topographical relationship between the sarcin/ricin domain and the GTPase domain on a model of protein topography (Fig. 6) . Since the sarcin/ricin domain is situated near L6 (present study) and the GTPase domain on L11 (28, 33) , the two RNA domains are expected to be adjacent to each other. This view is strongly supported by recent evidence from directed hydroxyl radical probing for EF-G binding site (37) , i.e. both the sarcin/ricin domain and the GTPase domain are cleaved by the same EF-G conjugated with Fe (II) at position 650 of the molecule. The vicinity of these two RNA domains may explain the fact that binding of thiostrepton to the GTPase domain inhibits accessibility of the sarcin/ricin loop for ␣-sarcin (38) .
